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Abstract
We discuss the impact of matter density profile shape on the determination of non-standard
neutrino matter interactions (NSI) in the context of the long baseline accelerator exper-
iments such as Deep Underground Neutrino Experiment (DUNE). The primary scientific
goals of DUNE are to determine the neutrino mass hierarchy, the leptonic CP violation
phase, and the existence of new physics beyond the standard model of particles. Here we
study the role of different earth matter density profiles on the question of observing stan-
dard oscillation as wells as NSI at DUNE. We consider two different earth matter density
profiles which are relevant for the DUNE baseline. We first discuss the impact of matter
on both appearance and disappearance oscillation channels, then we demonstrate the effect
of different matter density profiles on the determination of NSI. We consider four different
scenarios of NSI and elucidate the effect at the oscillation probability and measurement of
number of events at DUNE. In one case of study we show that a non-standard complex
phase φeτ could significantly increase the sensitivity to different matter distributions along
the baseline.
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1 Introduction
Neutrino physics offers great potential for revealing the physics beyond the standard model
(BSM). Neutrino oscillation and, consequently neutrino mass [1–5], remains one of the first
and few solid empirical indicators of Beyond Standard Model (BSM) physics. The neu-
trino mixing parameters (θ12, θ13, θ23, δm
2
21, δm
2
31) [6,7] have been already measured to good
precision and this precision is expected to improve as ongoing and near-future experiments
reach higher levels of accuracy and statistics. However, there are still open challenges and
unanswered questions, namely the Neutrino mass ordering (mass hierarchy) and the exact
value, i.e. octant, of the mixing angle θ23, the discovery of leptonic sector CP violation
(through the phase δcp), the existence of sterile neutrino, which must be resolved by neu-
trino oscillation experiments.
A major goal of present and future long-baseline neutrino oscillation experiment is to make
precision measurements of neutrino flavor oscillations. The Deep Underground Neutrino Ex-
periment (DUNE) [8] is a leading-edge, international experiment for neutrino science and
proton decay studies. The experimental goals of DUNE are similar to the ones just cited,
including the measurement of the neutrino mass ordering, the octant of the atmospheric
mixing angle, and whether there is CP violation in the lepton sector.
The scientific potential of DUNE in the presence of standard oscillations has been studied
extensively by the DUNE collaboration [9] and others. However, other mechanisms could
be responsible for neutrino flavor change on a sub-leading level [10, 11]. Any sizable new
physics effect is expected to modify the event spectrum at the DUNE detector, and hence,
its reach [12–16].
Once we invoke new physics, it seems rather unnatural to exclude the possibility of non-
standard interactions (NSI) [17–20], which can, in principle, allow for flavor changing in-
teractions. It has been established that the presence of matter NSI in general reduces the
sensitivity of DUNE to standard oscillation parameters [21–23]. The main reason behind
this reduction is the interplay between oscillations due to standard and non-standard pa-
rameters that gives rise to a few degeneracies in the sensitivity for DUNE [24, 25]. It has
been shown [26] that for sufficiently large values of the NSI parameters one could expect a
degeneracy between the sign of ∆m231, δcp, and the measurement of θ23 octant. As the NSI
paradigm brings in a large number of parameters, the statistical analysis of the projected
data at DUNE becomes cumbersome and challenging.
Matter effects on the neutrino oscillations was studied in different contexts as, for instance,
in [27–29]. The neutrino properties get modified due to the effect of matter. Even a massless
neutrino acquires an effective mass and an effective potential in matter [30]. For being a
long baseline neutrino experiment, matter effect has a crucial role in DUNE physics reach.
The impacts have been studied for a long time [31] and are critical for the physics goals of
the DUNE [8].
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In this paper, we discuss the impact of different Earth matter density profiles on the mea-
surement of non-standard neutrino interaction at DUNE. We show that, although NSI effect
depends on the matter density, the difference between different profiles is not significant for
DUNE at leading order, but may be significant for NSI measurements. We also show a
comparison of the uncertainty in the event rate with the difference of the event rate for two
specific profiles with NSI.
The paper is organized as follows: in section 2, we discuss effects of earth matter density
on the neutrino oscillation probability. In section 3, we discuss the effects of NSI on the
neutrino oscillation and show the impact of matter density profile. We show the event rates
for DUNE detector on section 4. Finally discussion and conclusion on section 5.
2 Earth matter effects on neutrino oscillation
Neutrino oscillation arises from a mixture between the flavor and mass eigenstates of neu-
trinos. The neutrino flavour eigenstate | να 〉(α = e, µ, τ) can be written as a superposition
of mass mj eigenstates | νj 〉( j=1,2,3) as
| να 〉 =
∑
j=1,2,3
U∗αj| νj 〉 , (1)
where Uαj is a 3×3 unitary mixing matrix, known as the Pontecorvo-Maki-Nakagawa-
Sakata(PMNS) matrix [32,33].
The oscillation probability from a flavor state να to νβ traveling a distance L can be written
as
Pνα→νβ(L) =
∑
j,k
U∗αjUβjUαkU
∗
βke
−i(Hij)L , (2)
where Hij is the Hamiltonian in the eigenbasis. In Vacuum Hij = diag(0,∆21,∆31), where
∆ij =
1
2E
δm2ij and δm
2
ij = m
2
i −m2j .
When neutrinos travel through a dense medium, their propagation can be significantly
modified by the coherent forward scattering from particles they encounter along the way.
Potential due to the scattering on matter modifies the mixing of the neutrinos. As a result,
the oscillation probability differs from the oscillation in vacuum. The effective Hamiltonian
in matter can then be written as
Heff = Hvac +Hmat , (3)
where Hvac is the vacuum Hamiltonian and the matter Hamiltonian for an electron neutrino
propagating through matter (electrons) can be written as
Hmat =
GF√
2
[ν¯eγ
µ(1− γ5)e][e¯γµ(1− γ5)νe] , (4)
where GF is the Fermi coupling constant, γ
µ,5 are Dirac gamma matrices, e and νe are
electron and electron neutrino spinors. If we consider the effective Hamiltonian over the
2
electron background and integrate over the electron momentum, the Hamiltonian can then
be written as
Heff = VCC ν¯eγ
0νe , (5)
where the charged current potential
VCC =
√
2GFNe . (6)
Here Ne is the electron density of the medium. Similarly, the neutral current potential of
neutrinos propagating in a medium will be
VNC =
GFNn√
2
, (7)
where Nn is the neutron density. It is important to note that the neutral current potential
is flavor independent, hence it will not have any effect on neutrino oscillations.
It is useful to write the matter potential in terms of the matter density ρ and the electron-
fraction in the nucleon Ye as
VCC
[eV]
= 7.56× 10−14( ρ
[g/cm3]
)Ye . (8)
The flavor-changing mechanism in matter was formulated by Mikhaev, Smirnov and Wolfen-
stein (MSW) [34, 35], who first pointed out that there is an interplay between flavor-non-
changing neutrino-matter interactions and neutrino mass and mixing. The MSW effect
stems from the fact that electron neutrinos (and antineutrinos) have different interactions
with matter compared to neutrinos of other flavors. In particular, νe can have both charged
current and neutral current elastic scattering with electrons, while νµ or ντ have only neutral
current interactions with electron. Hence, for long baseline neutrino experiment like DUNE,
which focus on the νe appearance channel, it is crucial to understand the effect of Earth
matter density which changes oscillation probability significantly.
2.1 Matter density profile effects in the probability of oscillation
In the context of the DUNE experiment, the effects of matter density variation and its
average along the beam path from Fermilab to SURF were studied considering the standard
neutrino oscillation framework with three flavors [36,37]. The DUNE collaboration uses the
so called PREM [38,39] density profile to consider matter effects. With this assumption, the
neutrino beam crosses a few constant density layers. However, a more detailed density map
is available for the USA with more than 50 layers and 0.25 × 0.25 degree cells of latitude
and longitude: The Shen-Ritzwoller profile [36, 40]. Figure 1 shows the two profiles for
comparison.
The parameters to calculate the probability of oscillation with their respective true values
for normal and inverted hierarchy, NH and IH respectively, are shown in table 1.
In figure 2, we show both the νe appearance and νµ disappearance channel probability with
the two different density profiles in the case of standard oscillation. There is no major
difference in the oscillation probability due to different profile for the standard oscillation,
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Figure 1: Density profiles used for comparison of the NSI effect on neutrino propagation.
both the normal (NH) and inverted hierarchy (IH). To understand it better, the differences
in the probability for both channels are shown in figure 3. In the appearance channel, where
the oscillation probability is always less than 0.14, the difference is less than ∼ 0.01. In the
disappearance channel, where the probability can basically reach the unity, |∆P | < 0.09 .
In both cases the relative difference is less than 10%. This is discussed in details in [36,37].
However, the study of the matter profile effect can be more realistic if we investigate the
observed number of events at the DUNE far detector. Most challenging and important
question will be whether the detector is sensitive enough to measure a difference in the
number of events.
Furthermore, we studied the effect of different density profile for the neutrino interaction
beyond the standard model, known as non-standard interaction (NSI). Such framework is
described in details in section 3.
3 Neutrino oscillation probability in matter with NSI
Non-standard neutrino interaction refers to the interaction of neutrinos with the matter
fermions. We consider effects that can be phenomenologically described by neutral current
(NC) type neutrino NSI of the form
LNSI = −2
√
2GF ε
f C
αβ [ν¯αγ
µPLνβ] [f¯γµPCf ] , (9)
where GF is the Fermi constant, να, νβ are neutrinos of different flavors. ε
f C
αβ is the NSI
coupling with the neutrinos. The chiral projection operators are given by PL = (1− γ5)/2,
PC = (1± γ5)/2.
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Figure 2: Probability of oscillation for appearance and disappearance channels. We com-
pare two different matter density profiles according to figure 1 for the possible mass hierar-
chies. See colors online.
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Figure 3: Probability difference for appearance and disappearance oscillation channels.
We calculate the probability difference of two different matter density profiles (see figure 1)
for the possible mass hierarchies. See colors online.
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Table 1: Parameters and considered true values, compatible with [41], for normal and
inverted hierarchy, NH and IH respectively.
Parameter Mass hierarchy True value
sin2 θ12 NH or IH 0.306
sin2 θ13 NH 0.02166
sin2 θ13 IH 0.02179
sin2 θ23 NH 0.441
sin2 θ23 IH 0.587
δm221 NH or IH 7.5× 10−5 eV2
δm231 NH 2.524× 10−3 eV2
δm213 IH 2.514× 10−3 eV2
δcp NH 261pi/180
δcp IH 277pi/180
In presence of NSI, the propagation of neutrinos is governed by a Schro¨dinger-type equation
with the effective Hamiltonian
H = Hvac +HSI +HNSI (10)
where Hvac is the vacuum Hamiltonian and HSI,HNSI are the effective Hamiltonians in
presence of SI alone and NSI respectively. Thus the Hamiltonian can be written as,
H = 1
2E
U
 0 δm221
δm231
U † + 2EVCC
 1 + εee εeµ εeτεeµ? εµµ εµτ
εeτ
? εµτ
? εττ
 (11)
where εαβ = |εαβ| exp(iφαβ) are the NSI parameters. Equation 11 shows that the impact of
NSI on the oscillation largely depends on the earth matter density profile.
3.1 Impact of matter density profile on probability and NSI
Let us try to understand the effect of different matter density with NSI on the appear-
ance channel, which is very crucial for DUNE experiment. The approximate expression
for the oscillation probability for νµ → νe considering NSI can be obtained by neglect-
ing the higher order terms. In the case of a long baseline experiment like DUNE, one
can safely neglect the smaller mass squared difference δm221 in comparison to δm
2
31 since
δm221L/(4E) = ∆21L/2  1 for a large range of values of L and E (especially above a
GeV). This “one mass scale dominant” (OMSD) approximation allows for a relatively sim-
ple exact analytic computation of the probability (as a function of only three parameters
θ23, θ13 and δm
2
31). In order to systematically take into account the effect of small parame-
ters, the perturbation theory approach is used.
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The probability for νµ → νe channel is given by
PNSIeµ ' 4s213s223
[
sin2 (1− rA)∆31L/2
(1− rA)2
]
+ 8s13s23c23(|εeµ|c23cχ − |εeτ |s23cω) rA
[
sin rA∆31L/2
rA
sin (1− rA)∆31L/2
(1− rA) cos
∆31L
2
]
+ 8s13s23c23(|εeµ|c23sχ − |εeτ |s23sω)rA
[
sin rA∆31L/2
rA
sin (1− rA)∆31L/2
(1− rA) sin
∆31L
2
]
+ 8s13s
2
23(|εeµ|s23cχ + |εeτ |c23cω)rA
[
sin2 (1− rA)∆31L/2
(1− rA)2
]
, (12)
where sij = sin θij, cij = cos θij, ∆31 =
δm231
2E
, and rA =
2EVCC
δm231
. Also, cξ (sξ) = cos ξ (sin ξ)
(ξ = χ,w), χ = φeµ + δcc, and w = φeτ + δcc. Only two NSI parameters (εeµ, εeτ ) enter in
this leading order expression which implies that the rest of the NSI parameters are expected
to play a sub-dominant role. Equation (12) allows us to illustrate the qualitative impact of
the NSI parameters on the appearance probability due to the different density profile.
The probability for νµ → νµ channel is given by
PNSIµµ ' 1− s22×23
[
sin2
∆31L
2
]
− |εµτ | cosφµτs2×23
[
s22×23(rA∆31L) sin ∆31L+ 4c
2
2×23rA sin
2 ∆31L
2
]
+ (|εµµ| − |εττ |)s22×23c2×23
[
rA∆31L
2
sin ∆31L− 2rA sin2 ∆31L
2
]
, (13)
where s2×23 ≡ sin 2θ23 and c2×23 ≡ cos 2θ23. Note that the NSI parameters involving the
electron sector do not enter this channel and the survival probability depends only on the
three parameters εµµ, εµτ , and εττ .
Let us now discuss the two limiting cases of the matter density profile. First: when rA ⇒ 0,
we recover the vacuum oscillation probability. Second: when rA ⇒ 1, we are near resonance.
Inspired by the NSI discovery potential of DUNE discussed in [23] we analyze the differences
in matter profile effect among four special cases of NSI that are listed in table 2. We choose
these particular cases because, except for Case 4, they are allowed by present data but at
DUNE they would be a clear evidence of non-standard interactions. In Case 1, it is assumed
that only off-diagonal epsilons and the phases containing e (φeβ) are relevant. In Case 2, it
is assumed that the new physics is in the diagonal epsilons (εee and εττ ). In Case 3, εαµ = 0
and the new physics would be in the electron and tau sector, either diagonal or off-diagonal.
In Case 4, we investigate εµτ and its phase together with εee, assuming |εµτ | = 0.2 which is
in the limit of sensitivity for DUNE, although excluded by other experiments.
In figure 4, we show the probability of oscillation for the PREM and the SR matter profiles
in the appearance channels, for normal and inverted hierarchy. Among the four cases and
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Table 2: Values of the NSI parameters for 4 different cases of interest. See text for details.
εee εττ |εeµ| |εeτ | |εµτ | φeµ φeτ φµτ
Case 1 0 0 0.15 0.3 0.05 pi/3 −pi/4 0
Case 2 -1.0 0.3 0 0 0 0 0 0
Case 3 0.5 -0.3 0 0.5 0 0 pi/3 0
Case 4 0.5 0 0 0 0.2 0 0 −pi/2
oscillation channels of our study we choose to show these two cases and appearance channels
because, as we see in figure 5, Case 2 (3) presents the smaller (bigger) absolute probability
difference |∆P | in the energy range that is more relevant for the neutrino detection, around
2− 3 GeV.
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Figure 4: Effect of NSI on the oscillation probability. In Case 2 (top), with diagonal
parameters εee and εττ , we do not observe significant difference between PREM and SR
profiles. In Case 3 (bottom), there is an interplay between electron and tau non-standard
interactions so εee,ττ,eτ 6= 0 and εeτ has a complex phase of pi/3. There is a visible difference
in the probability for PREM and SR profiles.
In figure 5, we have shown the difference in the appearance (top) and disappearance (bot-
tom) probability of oscillation between PREM and SR profile for four difference cases. The
maximum absolute difference of the appearance channel occurs in Case 3 and Case 1. This
nature can be easily understood from the equation (12). The leading order term of the
off-diagonal NSI parameters, εeµ and εeτ , have the maximum effect on the appearance prob-
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ability. For Case 2 and Case 4, the zero values of εeµ and εeτ do not show any difference
between the two profiles. The difference in the disappearance channel is not significant.
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Figure 5: Difference in the probability of oscillation due to propagation through different
density profiles. We show the four cases for normal hierarchy. See the values considered in
each case in table 2.
There are not much differences on the appearance and disappearance probability for the
standard oscillation (SI) with the different earth density profiles, PREM and SR, but there
will be a significant effect on the oscillation probability if there is NSI.
4 Event rates at DUNE far detector
In the simulation of neutrino propagation through matter we use the configuration for the
DUNE CDR [42]. The expected event spectra are simulated using GLoBES [31, 43]. We
summarize the configurations below. The time of operation is 3.5 years for each neutrino
and anti-neutrino beam with 1.2 MW of power and 0.56 efficiency. The mass of the detector
is 40 kton. The processes and associated uncertainties are mentioned in table 3.
We use GLoBES with the Monte Carlo Utility Based Experiment Simulator (MonteCUBES)
C library [44], a plugin that replaces the deterministic GLoBES minimizer by a Markov
Chain Monte Carlo method that is able to handle higher dimensional parameter spaces. We
reproduce the analysis conducted in [22] and [23] considering all the NSI parameters non
negligible.
In the figures that follow we can understand what is the best way to quantitatively measure
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Table 3: All the channels considered to produce events in the detector. The associated
uncertainty to each process is the same for neutrinos or anti-neutrinos.
Uncertainty Channel Interaction Comment
2% νµ → νe CC Signal, oscillation to νe
5% νe → νe CC Background, beam contamination by νe
5% νµ → νµ CC Background, no oscillation to νe
20% νµ → ντ CC Background, oscillation to ντ
10% νµ/νe → X NC Background, interaction via NC
5% νµ → νµ CC Signal, no oscillation to νe
20% νµ → ντ CC Background, oscillation to ντ
10% νµ/νe → X NC Background, interaction via NC
the difference between two models of density profile in case of NSI.
In figure 6, we show the number of events with the PREM profile and NH. The event
rates are shown with standard oscillation parameters along with the four different cases as
mentioned earlier. It is clear from the figure, that the effect of Case 3 is maximum, as
evidenced in the appearance probability plot. The effect of the NSI parameters are visible
both on νe and νµ events.
In figure 7, we show the number of events per energy bin (0.125 GeV) and compare PREM
versus SR profiles as well as normal versus inverted hierarchy. Electron neutrino events
are shown for Case 2 (top) and for Case 3 (bottom) respectively. Maximum variation is
observed in case of IH for Case 2, while NH has the most significant effect for Case 3. The
same aspect is visible for both density profiles. We notice from figure 6 that these cases
are interesting because they give the minimum and maximum event rates in the appearance
channels. Later, we show that these cases result in the most relevant absolute event number
difference |∆N | due to the matter profile difference.
The difference in the number of events is
∆N = NPREM −NSR . (14)
The number of events has uncertainty defined as σPREM or σSR from
Nmodel = 〈Nmodel〉 ± σmodel , (15)
where “model” is related to PREM or SR.
The difference in the number of events for the appearance and disappearance spectra is
shown in figure 8 for NH and the four different NSI instances. The difference of the number
of events for the appearance spectra is maximum in Case 3 as discussed in the probability
plot.
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Figure 6: Event rate with PREM profile and NH for different nsi cases. Top and bottom
panels show νe, (ν¯e on right) and νµ (ν¯µ on right) events respectively. The effect of case 3
is maximum.
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Figure 7: Number of events per 0.125 GeV bin of energy. Case 2 (top) and 3 (bottom).
See table 2 and text for details on each NSI particular case.
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Figure 8: Difference in the number of events per 0.125 GeV bin of energy, and for normal
hierarchy. We calculate the number of events for PREM and SR density profiles. See table 2
and text for details on each NSI particular case.
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Figure 9: Difference in the number of events with respect to the uncertainty (∆N
σ
) per
0.125 GeV bin of energy. We show the Cases 2 (top) and 3 (bottom) results for normal and
inverted hierarchy. See text for details.
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Besides the number of events and the difference in this number due to the different profiles of
the matter crossed by the neutrinos, it is crucial to determine if the experiment is sensitive
to this difference. We can decide this sensitivity calculating the ratio of ∆N and σ, where
σ =
√
σ2PREM + σ
2
SR . (16)
This is what we show in figure 9. In Case 2, |∆N | can be as big as 6σ for inverted hierarchy
in the νe appearance channel. The most astounding though is that for Case 3 ∆N reaches
around 30−40 σ for normal hierarchy in the appearance channel and energies of 2−3 GeV.
We also checked, even though we do not show the plots here, that in both cases, 2 and
3, |∆N | ≈ 4σ for both hierarchies in the νµ disappearance channel, for energies around
2.5 GeV.
In figure 10, one sees how, considering Case 3, ∆N/σ depends on the value of the non-
standard phase φeτ . It is interesting to notice that ∆N ≈ 0 if φeτ ≈ −13pi but ∆N is
maximum if φeτ ≈ 13pi, where ∆Nσ ≈ 38. In this case, it would be extremely important to
consider matter density profile with high precision.
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Figure 10: Difference in the number of events with respect to the uncertainty (∆N
σ
) per
0.125 GeV bin of energy. We calculate the number of events for PREM and SR density
profiles, and for normal and inverted hierarchy. See table 2 and text for details on each NSI
particular case.
5 Discussion and conclusion
In this work we study the effects of different matter density profile for the standard and
non-standard interactions in the measurement of neutrino oscillation at DUNE. First, we
calculated the differences in oscillation probabilities at DUNE for both appearance and dis-
appearance channels for two different density profiles in case of standard oscillation. There
are not many significant differences observed between different profiles, both for the ap-
pearance and disappearance channels. Then, we investigate the effect with non-standard
interactions.
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We first derive the analytical expression of both the appearance and disappearance proba-
bilities along with the matter density and NSI parameters. The off-diagonal NSI parameters
have maximum effect on the appearance channel at the leading order level. It is also clear
from the expressions in section 3.1 that any variation of matter density will have significant
effect on the understanding or discovery of NSI. Next, we show the effect of different matter
density with two different sets of values of NSI parameters. The maximum difference of
the oscillation is observed in the case where off-diagonal elements are present. The major
difference is observed in Case 3 (see table 2) due to the effect of εeµ and εeτ .
From previous works [36,37] we know that the baseline and average matter density used in
the calculation is important to predict the number of neutrino events with accuracy. We
consider carefully the effects of the matter density profile in the ability to calculate the
number of events at DUNE with accuracy and how important it is to consider the profile
precisely. We show that there is one combination of non-standard interaction parameters
that results in a considerable difference in the number of events and consequently, if this
happens to be the case in nature, which is Case 3 in table 2, this will strongly affect the de-
termination of the number of electron neutrino appearance events. The interesting feature
is that this has a high dependence on the non-standard phase φeτ and the effect would be
observable preferably if this phase is approximately pi/3.
In conclusion, we explored the effect of different matter density profiles for the understanding
of NSI using the DUNE experiment. Our study clearly shows that, at least in one particular
case, two different matter profiles will provide different event number results for this same
set of NSI parameters. This degeneracy needs to be resolved with the clear understanding
of the matter profile as well as the discovery of the hierarchy before calling any discovery of
non-standard neutrino interactions.
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